The structure of lead-silicate glasses, although being investigated for over sixty years, remains still controversial. One of the open questions is the structure of the lead subsystem: what are the basic structural units like, and how are they interconnected. In the literature the appearance of [PbO 4 ] n , or [PbO 3 ] n chains is reported even in the glasses of the same stoichiometry. In order to elucidate the problem of contradicting experimental findings, extensive molecular dynamics (MD) simulations in the isobaric-isoenthalpic (NpH) ensemble of the structure of lead-silicate glasses have been performed in the whole range of glassformation. The atoms were assumed to interact by a two-body Born-Mayer-Huggins interaction potential with full ionic charges. 
INTRODUCTION
Lead-silicate glasses find a lot of industrial applications, mainly as optical glasses [1] . As special materials, they are used in electronics and optoelectronics in production of plate image amplifiers and scintillators [2] , Modified lead-silicate glasses, containing metallic Pb granules, reveal high secondary emission coefficient, and thus find application in the production of electron channel multipliers [3] , The atomic structure of the lead-silicate glasses has been investigated for sixty years, using various experimental techniques, including IR spectroscopy [4] , Raman spectroscopy [4] [5] [6] , NMR [5, 7, 8] , XPS [9] , X-ray [10, 11] and neutron diffraction methods [12] , EXAFS and XANES [7, 8, 13] , However, until now no single commonly accepted structural model for xPbO (l-x)SiO 2 glasses has been elaborated, and it is still not clear whether and how do structural parameters change with variations of x. For these reasons we performed extensive molecular dynamics (MD) equilibrium states at intermediate temperatures. The simulation results can be summarised as follows. For 10 13 K/s) cooled down to 300 K, passing several melt at 10000 K was prepared, and then slowly (6 [14] [15] [16] [17] investigations of the considered glasses. In the present contribution we concentrate on the structure of the first co-ordination shell of lead atoms.
The paper is organised as follows. Section 2 is dedicated to several rather technical points related to the simulation technique. In Section 3 we describe the results of our simulations. The numerical results are discussed and compared with the experimental ones in Section 4. Section 5 contains concluding remarks.
SIMULATION TECHNIQUE
The molecular dynamics (MD) simulations have been performed in the (NpH) ensemble, using the MDSIM program [18] , which bases on the classical Andersen algorithm [19] . The atoms were assumed to interact by a two-body forces: the Born-Mayer repulsive forces, and Coulomb forces due to full ionic charges, calculated with the aid of the standard Ewald technique. The potential parametrization was taken from [20] . All the systems discussed in the present work were initially prepared in a well equilibrated molten state at 10000 K, and then slowly cooled down to 300 K, passing equilibrium states at 8000 K, 6000 K, 5000 K, 4000 K, 3000 K, 2500 K, 2000 K, 1500 K, 1000 K, 600 K. At each temperature the system was being equilibrated during 30000 fs time steps, and sampled during other 10000 fs time steps. The simulations have been short-range correlations was obtained in a conventional way, mainly from radial and angular distribution functions. The connectivity of basic structural units was studied by means of cationanion ring analysis, performed using a new highly efficient redundancy aware algorithm [21, 22] . Figure 1 shows radial distribution functions (RDFs) related to the Pb structural unit for xPbO glass stoichiometry, the number of atoms within the simulation box ranged from 1600 to 3250 (Table I) Table I . Numbers of atoms used in the simulations of x Pb0 (1 -x) Si0 2 glasses (l-x)SiO 2 glasses, 0.0 x 0.9. The peak profile in the RDF, g(r) , is given by:
SIMULATION RESULTS
where N is the co-ordination number, p is the density. The bond-length probability density, p(r),
can be described using a Г-like distribution [23] . Its general expression, valid for (r-R) β > -2σ, has a form:
where R is the average distance, σ 2 is the Debye-Waller disorder factor describing both the structural and vibrational disorder, β is the asymmetry parameter and Г(x) is the Euler's gamma function calculated for x = 4/β 2 . Table II corresponding value in pure PbO (Table II) . However, for lower lead oxide contents (x 0.33) 0.67 x 0.9, the average Pb-O distance, R, is in our MD-simulated glasses close to the degree, β, is very high at low PbO concentrations, and decreases systematically with increasing x from 1.22 for x = 0.1 to 0.56 for x = 0.9. Note, that β for pure PbO (0.42) is close to its value in the x = 0.9.
The average co-ordination number, read formally in the RDF minimum between two first peaks, for the Pb-O pair is somewhat higher than four for x < 0.5, and close to five for higher PbO concentrations. However, the integration of the T-like peak (1) gives more reliable estimation, since the contribution from the second peak is automatically eliminated. The coordination numbers, N, determined in such a way are shown in Table II . N equals to 3.6 for Table II 
Distribution of the Pb-O distances
Crystalline red PbO is built from parallel layers of edge sharing square pyramids PbO 4 , and the Pb-O distance equals to 2. 32 A [24] , This value falls in-between the two characteristic parameters we have used, R 0 and R, which equal to 2.30 A, and 2.39 A, respectively. Our value of the Pb-O distance agrees with the data reported for lead-silicate glasses in [8, 10, 11, 13, 25] (Table IV) . The o parameters of the first Pb-O RDF peak are also close to those determined Table IV Pb structural unit Many authors report a four-fold oxygen co-ordination of Pb atoms in the considered glasses, particularly for higher PbO contents. According to [10, 25, 26] , in the 0.7PbO 0.3SiO 2 glass one can find zigzag chains of square PbO 4 pyramids, interconnected by SiO 4 tetrahedra or PbO 6 octahedra. Recent EXAFS measurements have conformed the appearance of PbO 4 pyramids for According to our simulation results, the most probable Pb-O distance is independent of the glass composition and agrees with the corresponding experimental data. The square pyramid
DISCUSSION

CONCLUSIONS
0.66 the lead oxide subsystem appears in the form of [PbO 3 ] n chains mixed with SiO 4 tetrahedra chains [11] , so the oxygen co-ordination of Pb atoms equals to 3. The predictions of the Imaoka model have been confirmed by neutron diffraction measurements of .
Our MD simulations do not agree with Imaoka model [11] . Although the PbO 3 units have been detected in our MD-simulated structures (particularly at rather low PbO concentrations), they can not be treated as the only, or even the dominating fundamental structural elements. Instead, the suggestions that the PbO 4 square pyramids dominate in the considered glasses [4, 10, 28] have been fully confirmed. The coexistence of the PbO 3 and PbO 4 units takes place in the simulated structures at lower PbO concentrations, as suggested by . On the other hand, according to the model of Imaoka and co-workers (1986) , for 0.33 x PbO 4 is a dominant structural unit in all the considered glasses (in agreement with [4, 10, 28, 7] , and in contradistinction to [11, 12] ). Thus, the simulation results confirm the experimental data of some authors, and contradict the data of other authors. It should be underlined, that we do not claim, that the latter group of authors is wrong. All we can state is, that the results of the MD simulations performed with the particular interaction parameters we have used give the results described in this paper. Further elucidation of the structure of the lead-silicate glasses still requires both experimental, and numerical work. Since the glass structure depends strongly on the preparation procedures, more complete experimental research in well defined and controlled conditions should be undertaken. On the other hand, more realistic, three body interaction potentials should be elaborated in the future and used in MD simulations.
